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1, Introduction to carbon nanotubes 

ctborllhl "Tg^rr '^'"'"r^'''^'''''^^ '"'^""^ '""'"^ microtubules of graphitic 

carbon (ly.ma 1991). were discovered by liji.na while researching methods of oroduc ,^ 

s^t .Tr^- T '""••'T""" ""^^^'''^"Py (^EM) he discover J null if ^"e 

.oot produced by an are d.scharge between carbon electrodes, and identified them rse-in^^ 

/./. Electronic structure, metallic and semiconducting nanotubes 

At the time of the discovery of carbon nanotubes (CNTs) there were already theoretical 
.atllfe^^ed^ 

simply („. m), where a, and are the lattice vectors in graphene (scI^t^Z iTlTk 

mode, for U,. . and g,,ph.n. fan,, fo^taX W«>^» 94^ Wc tdt' 
si.npl.fy ihi. descripllon by looking MJds, Ihe low-enen!. Ponforrih?bin!l JL™ ? . 
.J. approxtaatc.. c<^s »Uh .pics a, .ho K poin. In .hfg^prno BH „ n r T^^^^^^ 

X^^^pr-s^a^^^^^^^^^^^^^ 

.ronul,o,uam,za,n,n„,,h.ci,«„n,facn,i.lw..«.„c,o,J.,.c.k, = 2,^X,;=/^"^^^^^^ 
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FiRurc I. Carbon nanotubcs: connection l>eiwccn rcDi-spacc and ciccironic siruciure (a) Lattice 
of a single-atonjtc layer ofgraphite (graphcnc). The dashed red arrows I.Kiicate a common choice of 
amrdmatcs corresponding to indices (n. /lO for dcscrihing the rolling upofgraph^^^ 
The solid blue arrow is the roll-up vector for a metallic (5. 5>nnuchair nanotuhc. (b) Schematic 
image of the graphenc band structure consisting of cones whose apices touch at die l-crmi-lcvcl 
The red hncs demonstrate Ikjw the additional quantization condition intrtxiuccd by rolling up the 
graphenc mlo nanotubcs cuts the band stniclurc into ID slices. This particular cut corresponds to 
a semiconductuig tube; the cut does not intersect the cones' apices, (c) Simplified model of the 
nanotubc band structure for small *. The curves arc calculated from E = ((nA)' +h'v~k^y^'^ 
where A is the band gap and n = 0. I.2.3.... counts the first subbauds. The blue' curves 
at /I =0. 3. 6, . . . occur in metallic nanotubcs; the red bands at n = I. 2, 4. 5 occur in 
semiconducting lubes, (d) Examples for nanotubcs widi high symmetry. So-called armchair tubes 
which arc always metallic, have indices (n. n). Tubes with indices (/i. 0) arc scmiconducdng if « 
IS not divisible by three. These tubes arc often called 'zigzag* tubes. Both zigzag and armchair 
tubes have been treated extensively in theoretical publications, because their small unit cells allow 
for much easier computer simulations than the large unit cells of general (n. m) lubes. 

effectively slicing the 2D band structure along lines where the quantization condition is met. 
Depending on whether or not these cuts pass through the apices of the cones the ID band 
structure is metallic or contains a bandgap. It can be shown that the condition for mctallicity 
IS /2 - m = 3/. with / an integer, thus 1/3 of the nanotubcs are predicted to be metallic, and 
2/3 semiconducting. 

Figure I (c) illustrates the resulting bands. The red lines are the bands and the first subbands 
of a semiconducting nanotube located at ±A and ±2 A from the Fermi level where A is one- 
half of the bandgap, i.e. A = The blue lines are the bands present in a metallic nanotube 
with the same diameter as the semiconducting nanotube. Here the first subbands are at ±3 A. 
Finally figure 1(d) shows two special cases of nanotubes» which are especially suited for 
theoretical investigations because of their high degree of symmetiy. 'Die lirst one is a so-called 
armchair nanotube with the indices (n.n), which is always metallic. The second is called 
a zigzag nanotube with (n, 0). Zigzag nanotubcs are semiconducting unless the index n is 
divisible by three. 

Within this picture the bandgap can be seen to depend inversely on diameter; as the 
diameter becomes smaller, the spacing between the lines in it-space for which the quantization 
condition is met becomes larger, and hence the lines lie further fiom the metallic apex of the 
cone. For semiconducting nanotubcs the result is a bandgap that to lirst order is given by 
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Figure 2. Examples of ihc gale- voltage dependence of the conductance through a SWNT at room 
lenipcraiure for a metallic nanoiubc (a) and a .seniiconductini; nanoiube (b). 



£:„ = 2A = OJ/d cV nm"', where is the nanoiubc diameter independent of the particular 
chirality (Kane and Mclc 1997). If one takes into account the curvature of the graphcnc sheet 
in a nanotube there is an additional contribution to the gap proportional to cl~^, which also 
causes metallic nanotubes with indices other than {n,n) to have a small bandgap of around 
0.05 eV or less (Hamada et al 1 992, Kane and Mele 1 997). 

After these theoretical predictions had been made it took several years before it was 
possible to verify them experimentally by making electrical contacts to single nanotubes and 
test whether they showed metallic or semiconducting behaviour. (A detailed description of 
nanotube devices and their fabrication is given in section 2.2.) The first devices made with 
single metallic nanotubes or bundles of a few nanotubes were presented by Tans etal{\ 997) and 
Bockrath et al (1997). Their devices showed Coulomb-blockade effects at low temperatures 
and Ohmic behaviour without dependence on applied gate voltage at higher temperatures (for 
a good review of Coulomb-blockade and other low-temperature effects sec Kouwenhoven 
et al (1997)). The first investigation of single semiconducting SWNTs was published by 
Tans et al (1998). Their devices show the oft-reproduced behaviour of a field-effect- transistor 
(FET) at room temperature that makes semiconducting SWNTs so interesting for possible 
microelectronics applications: the conductivity of these devices can be turned off by applying 
a gate voltage. 

Figure 2(a) shows a plot of the gate voltage dependence of the conductance of a metallic 
nanoiubc device at room temperature. While applying a constant bias-voltage along the 
nanotube, the gale voltage is being varied. The current is largely independent of gate voltage. 
Figure 2(b) shows the same plot for a device made from a semiconducting nanotube. Clearly 
this device can be turned off by applying a positive gate voltage; conductance changes of over 
five orders of magnitude between on and off slates have been seen (Martel et al 1 998). 

Although transport experiments can demonstrate (he existence of an energy gap (Tans 
et al 1998) and can provide information about the low-lying excitations in the nanotube 
(Bockrath et al 1997, Tans et al 1997), they do not give the details of the band structure, for 
example the onset of various subbands. One method of verifying the theoretical predictions 
(Hamada^/ a/ 1992, Mintmire 1992, Sailor?/ a/ 1 992b) is to use tunnelling measurements 
probing the density of stales (DOS). The first measurements of this kind on SWNl s were 
published by Odom ct al (1998), Wildoer et a/ (1998). In a ID electron system like the one 
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Figure 3. Scnnniiig tuiiiiclliiig spectroscopy dam lor a scmiconduciing iiaiiolubc Irom Wildcicr r/ «/ 
(1998). The main graph shows the (JilTcrcntial comluciance d//d V normalized by ihc conductance 
// V. which is closely related to the density of sliilcs (DOS). The peaks, wliich correspond to the 
van Hove singularities in the DOS mark the onset of the subbands. As expected for scmiconductins 
lubes the third subband is missing. The left inset shows the raw data, and the right inset the simulated 
DOS for a (16. 0)-tubc. (Adapted from Wild6cr t:i n/ (1998) with permission from the authors.) 



suggested for carbon nanotubes the onset of new .subbands corresponds with the occurrence 
of singularities in the DOS (Saito et al 1992a). At these van Hove singularities the DOS 
as a function of energy E diverges with an -dependence. Figure 3 shows examples 

of scanning tunnelling spectroscopy (STS) measurenr^ents presented in Wildoer et al (1998). 
The position of the singularities provides information about the size of the bandgap and the 
position of the subbands, and thus allows us to identify and distinguish various chiralities of 
nanotubes, i.e. together with real-space scanning tunnelling microscopy (STM) images it allows 
determination of the circumference vector (n. m) for individual nanotubes. Unfortunately this 
type of experiment cannot be carried out on nanotubes that have been incorporated into devices 
because the STS and STM measurements require the nanotubes to reside on a conducting 
surface (e.g. gold) whereas transport measurements are only possible if the nanotubes are on 
an insulating surface, most commonly Si02. 

Additional insight into the band structure can be gained from optical experiments. Because 
the Raman scattering from nanotubes is greatly enhanced when the incident photon energy 
is resonant with a transition between van Hove singularities in the density of states, Raman 
spectroscopy gives information about the electron energy spectrum as well as the phonon 
spectrum of nanotubes (Dresselhaus and Ekiund 2000. Saito and Kataura 2001). Recent 
progress has allowed Raman spectroscopy investigations on individual nanotubes (Jorio et al 
2001 ); combined knowledge of the electron and phonon spectra allow unique determination of 
the (n, /w) indices of individual nanotubes. Transitions between van Hove singularities are also 
observed in the excitation and emission spectra in fluorescence experiments on semiconducting 
nanotubes in solution. Recently the position of absorption and emission peaks in fluorescence 
spectroscopy have been used to determine the (/i.m) indices of semiconducting nanotubes 
(Bachilo ct al 2002). Raman spectroscopy and fluorescence spectroscopy have since been 
performed on single nanotubes to verify the (/*, m) assignments (Hartschuh et al 2003). 
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y , 2. Prediaions for transport experiments: mobility and nuuin-free'path 

Within Ihc Dmdc model the conducUviiy a is defined by a = j/E = ne^xfm where / is ihc 
current density, £ ihc electric field, n the charge carrier density, e the absolute vahie of the 
electronic charge, r the momentum scattering rale and m the effective mass of the carriers In 
one dimension, we have a = GL and ;/ =- N/L. where G is the conductance, L llic len^-th 
ol ihe sample and the number of carriers. The quantity m = ex/m a/ne is the mobihty, 
and has the same units in any dimension. 

Mobility measures the momentum scattering rate of carriers, and therefore is of 
lundamental interest in understanding the scattering processes in a given system. In addition 
the mobility of charge carriers in the FET channel is one of the most important parameierj 
deiermming the performance of an FET Mobility ultimately determines the high-frequency 
performance of the FET, and is also important for the determination of the transconductance 
and dnve current. Nanotube FETs (NT-FEl s) have been proposed for a variety of apphcaiions 
mcludmg chemical sensors (Bestcman et id 2003, Chen et al 2003, Star et cd 2003) and 
smgle-elcctron memories (Fuhrer et cd 2002. Kim et al 2002a); in these applications mobility 
determmes the sensitivity of the NT-FET to charge or chemical species. 

In this section we will discuss theoretical and experimental results on the conducliviiy of 
metallic and semiconducting nanotubes. In section 3. J .2 we will discuss the determination of 
the mobility directly from the transistor cliaracteri sties of a NT-FET, and when this analysis is 
applicable. 

Mobility is dinicult to define for a metallic nanotube, since it is not clear whether the 
relevant charge density should be measured from the subband bottom or the band bottom In 
addition, the neariy flat bands at the Fermi level imply a near-infinite effective mass However 
the mean free path may be defined unambiguously, and we will use this quantity to compare 
theoretical and experimental results for the conductivity of metallic and semiconducting 
nanotubes. 

In one dimension, the maximum conductance is quantized: in the absence of scattering 
the conductance is G^, = eV^i (Datta 1995) for each conductance mode, where h is 
Planck's constant. For the nanotube, with two bands with two spins, = ^e'^/h In 

an imperfect wire wi^h scattering (neglecting quantum interference) the conductance is given 
^ = <^max + G?wirc» ^herc Gwire = G^T/{\ - T) and T is the transmission probability 
for ihejvirc (Datta 1 995). The mean free path / is the length of wire over which 7 1 /2 or 
Cwire - G^max. This allows US to relate the conductance to the mean free path by the relation 
l/L ~ Gwi«/Gmax> where L is the length of the nanotube. The mobility is related to the mean 
free path: fi = G^u^L/ne = G,„!,xi/ne. 

The observation of conductances which are an appreciable fraction of G„nx in metallic 
nanotubes with lengths exceeding 5 fMtxi (Kong et al 1999) indicates mean free paths of at 
least a few micrometres. This is in good agreement with theoretical predictions of 10 /^m or 
more (White and Todorov 1998), Similarly, high conductances in semiconducting nanotubes 
(Rosenblatt et at 2002, Javey et al 2003) indicate mean-frec-paths of at least hundreds of 
nanometres. These results have also been corroborated by electrostatic force micro.scopy 
(EFM) as described in section 3.2.2. 

Only a small number of publications have attempted to predict the mobility in 
semiconducting nanotubes. McEuen et al ( 1 999) made general arguments that backscattering 
would be greatly suppressed in metallic nanotubes relative to semiconducting nanotubes- 
interband back.scattcring is suppressed by a symmetry in metallic nanotubes which is not 
present m semiconducting nanotubes at low doping. However, at high doping semiconduclino 
nanotubes should be expected to have similar conductivity to metallic nanotubes. I'Vom this 
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Figure 4. Carrier drift velocity in different semiconduciing («, 0) tubes as a funeiion of appllcri 
electric field at room tctnperaturt. The data has been calculated treating elcciron-phonon- 
scattering as ihc only scattering process. The peak mobility nsulting from this calculation is 
120000 cm- V- s-'. (Adapted from Pennington and Goldsman (2003) with permission from the 
authors.) 



argument one can make a simple estimate of the mobility in semiconducting nanotubes: 
assuming that the conductivity approaches the metallic value for an amount of doping that 
pushes the Fermi level to £f = 2 A (i.e. the nanotubc is doped to the second subbandX we may 
estimate /x from the metallic conductivity and the carrier density n necessary to achieve that 
doping level. Approximating the Fermi wavcvecior kr in the semiconducting nanotube by 
in the metallic nanotube at £f = 2A. and using the relationship between the carrier density n 
and k^ (for a single ID subband: n = Ikp/TtX we get 

- 1^ _ ^^^^ 

Using the expression A = OJ/d eV nm"' from above and the Fermi -velocity i;r = 
8.1 X 10^ m S-* (Cobden et al 1998) of meialJic tubes we get nd = 2.9. Using the mean 
free path / = 3 /xm of a metallic nanotube we can use fx = G^^J/ne obtaining mobilities of 
^ = 1 0000-50 000 cm^ V ' forcommonly observed tube diameters in the range between 
I and 5 nm. This mobility is high, but very reasonable considering the mobilities of 15 000 
and 20000 cm^ V-> s"' for holes and electrons, respectively, in graphite (Dresselhaus et al 
1996), 

Pennington and Goldsman (2003) have used a semiclassical model to more carefully 
investigate electron-phonon coupling in semiconducting nanotubes. From this model they 
derive the electron drift velocity for viirious diameters of zigzag nanotubes, as shown in figure 4 
plotted versus applied electric field. The mobility may be obtained from ix = va/E\ clearly ^, 
increases with nanotube diameter, yielding a maximum mobility of 120 000 cm^ V* s~' for 
a (59, 0) nanotubc. 

Pennington and Goldsman also found a .strong dependence of the mobility on nanotube 
diameter. The low-field scattering time was found to be roughly proportional to diameter, 
T d. The effective mass at the band bottom is inversely proportional to diameter m* ~ I /d\ 
so the mobility m = ex/m' - dK it is likely that this relationship fails for large nanotube 
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cliamctcr^ when .he s,.bband spncM,g A bcconics smaller Ihan th 

..n,. ,h ' ^''"'"'^i'i'^^- is expected ihat more channels will be open for scalterin.^ 

an I Coldsman (see (rguru 4). where a peak in ,hc drift velocity i.s seen as a function of e Sc 

ITZl °' ~ ' "^^^ -ne-bo„ndary phonon" 

Park «/ (2003) i sed a scanned contact probe to verily that the mean free path for phoru,n 



2. Nanotube synthesis and device fabrication 

2. J. Nanotuhe synthesis 



™ K °' '^'"^^ P^^^"'^^ '''^g« ^-"O^ni" of nanolubes usually at 

nanotnbe-contammg soot, from which the nanotubes are deposited onto subs rate.' for device 

fabncat.onafter^n,gpurified.ThesecondcIassofmethods;ynthesize.sthe™ules^ 

The.nU,ald.scoveryof multiwalled nanotubes (lijima 199^ 

f ,h -"T '^^^^ ^'^^ """^ ^" arc-discharge method. The fLt mXZ 

used for the production of Jargc quantities of CNTs (Thess et «/ lOOfi^ «,.c i." ^ 

th^smea.odacarbontargetdo^dlithacata.y. 

ra^ar:x:rrri^tr"'"'"^--"'-^---^ 

More recently the so-called HiPCO method (Bronikowskie,«/200I)hasfurtherincr^ased 
the quantities .n which nanotubes can be produced. The acronym HiPCO Stands fbr jgh 

waved ,h'^°T"""r' "'^'^ ^^"^ « of added Fe(CO f t 

sprayed through a nozzle mto a reactor at lOSO'C and .30 atm. The FeCCO), prov.^e, he 
metal o form tmy catalyst droplets while the CO is the feedstock material 

All these methods produce relatively large quantities of SWNTs that can be of high qualitv 
w,th few defects .f the synthesis parameters are properly optimized. However, onl common 

catalyst Furthermore the nanotubes tend to occur in thick bundles of several tens to Svern 

hundredsof nanotubes. Forthefabricationofelec.ronicdevices(.see.section22)thena^^^^^^ 
need to be separated from each other and cleaned from the amoT,hous carbon residue Akhouah 

1 :T •"'^ P--in-7mcth.Kl is that detribtd n Liu 

cr 1998 . wh.ch pur,hes the nanotube soot using nitric acid, the resulting nanotubes a e 
u.sual y atrly short (not more than a few micrometres) and often contain a sign i "can numbS 
of defects due to the harsh cleaning procedures. ignmcant number 

Forelectronicsdevices it is often desirable to investigate longer nanotubes and-esocciallv 
f one .s mterested m the intrinsic properties of nanotubc.s-highly defect-free nan^.bes 
h. type ot appl.cat.on growth methods producing CNTs directly on substrates (Dai « 
1996a. Fonseca et al 1997. Kong .r al 1998a) are often better suited. In particular^ Z a, 
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Hafncr«?fa/(200l)simplified ihc process ofpreparingihe catalyst substanti-,llvhv i 
dipping the substrates into a solution of FeCNOjh in 2-DroDanoS!h! . L ^ ^ ^ 
the catalyst to precipitate onto the subsL^ierti'^^nrc e^^^^^^^^^^ 
interesting route was introduced in Kong ei at n998bV hv „cin„ c. , "f"','^*- '^"o'ht.r 

substrates are suitable for nanotubcCVD. While thick thermal SiO on^N T ^ ' 
substrateforCVDgrowthofna„otubes.avariet^^^^^^^^^^^^^ 

(^^nkiirjsu? '^"-"'^ ^'^'"^ - ^"«^» ^^-B- 

l.n„.K''''T"^ CVD-methods have been improved to allow for the growth of nanotubes of 
2003) fL'T; -i-omctres to over a millinKnre (Kim el, 2()02b « 

2003). Figure 5 shows examples of CNTs grown with C VD methods following variou Icipes 
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Figure 6. Carboii iiaiioiubc ficld-elTect Iransislors. (a) is a schematic of ti.rh , k 
source, drain .nd ga.c conuc. in ,..,no„ ,0 , he n.no«.L W s"™^^^^^^^^ 

2.2. Nanotuhe device fabrication 

fj?fi?r£ "^Kr '''■'"^ 'l'"^' ""'''"P''' CNTs (Dai et at 1 996b. Lunger al 

1996) the hrst publications showing the successful contacting of single SWNT^ (or bundles 
ofafew nanotubes) were (Bockrath era/ 1997.Tans«./ mi). In ho h casS ^,^3^"^^^ 
used a„ organic solvent (dichloroethane or acetone) to produce a suspension "Inocu^r^d 

007?','"''''"'*°" °" " ""Pecl Si-chip capped with SiO, T b" >ckra 2 

. ./ (1997) alignment markers on the chips made it possible to locate the nano uts 

dizrc:;r=~r:r^^^^^^ 

("£?r„r t'r ' -icrrr^tS -cutri'r r^rr:; 

Z mlrh r ^"«P«"f ^-Positea on a chip with pre-patterned Pt contact The 

(ZsZTwZT '"'^ '"""'"^^ "-^'""S ^ semiconducting CN? 

fans et al 1998) again with Pt contacts and (Martcl et al 1998) with Au contacts Fiuurc 6 
shows a schematic of a typical nanotube device and an AFM image of such a de^ ice If Z. I 
source and a drain contact touching the nanotube and employs the highly doped Si substrate 
as a so-called back-gate that allows the nanotube electronic Lcture to be Senced by an 
app led gate voltage. The gate is insulated from the nanotube by the SiC^ layer While 
the use of nanotubes deposited from suspension allows for both depositing Sn acLs on^the 
nanouibes and depositing the nanotubes on top of the contacts. CVD methods STat grorCN^s 

thl L^" ^ -"^'-'Vr"*'^ - '^P nanotube affeHoS 

hem. Besides the use of AFM for locating the CNTs it is also possible to use field-em^i on 
canning electron microscopy (FE-.SEM) (Brintlingere,./ 2002) which cuts the time needeS 

for locating nanotubes by a factor of ten. » umc neeaea 

fBachrolH"','")''Z?r^"'' ^^""^ ^""^^'^ ^"^"^ Sote contacts either beneath the nanotubes 
(Bachtold et «/ 2001) or on top of the nanotubes (Javey et al 2002. Wind et al 2007rwWch 
makes it possible to have .several nanotube devices on one chip and address thcmXarme y 
Several studies have tried to optimize the material used for the contacts. From the i .i fal 

'''^ '''^ "avc been used widdy Z 

been found that a wetting layer of Ti (Zhang and Dai 2000) allows deposition 1 smooth 
f ms ol many metals onto carbon nanotubes because H. e.specially when annea cd "rms 
.tanium carb.de at the interlace with the nanotube. For this reason Tl/Au contacts are anmhe 
'=°'"'""^'r -^-y publications investigatig Sch tky 

barners betwccti a nanotube and us contacts (e.g. Appenzeller et al 2002. Helnzel „/ 7002 

nmn7 ?'' , i °' '""'"''^ """''^^ investigated in Zhang and Dni 

(2000) that wets nanotubes well. It has been u.sed in a recent publication (Javev Ja/ 20m 
to produce NT-FETs with Ohmic contacts (here and elsewhere in .hfs prp™se (>^^^^^^^ 
contacts' to mean contacts with zero or negative Schottky barrier). 
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3. Experiments on single-wallcd carbon nunotubcs 

3 J. Transport in sinf>(e-waUcd carbon nanatube field-effect transistors 

Despite considerable researcli eHori ilie details of electronic (ranspon in seniiconducting 
SWNTs arc not yet clear. I hc initial publications showing experimental data Irom NT-PETs 
already disagreed upon the explanation of the transistor behaviour. While Tans et al (1998) 

dcvelopcdamodclsimiIarioaBAIUrr-di<>dc(S/.e I98I), which basically consistsoiiwo back- 
to-back Schollky barriers, the description initially given by Avouris and co-workers (Martcl etal 
1 998) IS based on the model of a conventional MOSFOT with a dilTusi ve channel (Sze 1 98 1 ) 
From the characteristics of a NT-FCT (analogous to a p-channel MOSFCT. see figure 2(b)) 
It is clear that the charge carriers have to be holes. However, in the model presented in Tans 
et al (1998) the holes are injected into the nanotube from the contacts, whereas according to 
Martel a/ (1998) they are intrinsic to the nanotube. Martel used the gate- voltage-dependent 
conductance of his NT-FETs to calculate a mobility of -20 cm^ V" * s"', much lower than 
the mobility of p-silicon (-450 cm^ V* s''). As shown below, this mobility estimate was 
mcorrect. due to the influence of Schottky barriers at the contacts. Recently Ohmic contacts 
to semiconductmg nanotubes have allowed the intrinsic transport properties to be probed. 

3J,L Ohmic or Schottky contacts? While researchers had been able to produce devices 
trom metallic nanotubes that were close to the fundamental limit of resistance for nanotubes 
(6.5 kJ^) (Liang et al 2001), until recently the lowest resistances reported for semiconducting 
nanotubes were some 100 kJ^, with I MQ being more typical, suggesting the presence of 
some kmd of barrier, either in the semiconducting nanotube itself (McEuen et al 1999), or 
al the contacts. Furthermore, several experiments corroborated the idea of Schottky contacts 
directly. Freitag et al (2001) found that an AFM tip with applied positive bias-voltage placed 
near one of the contact of a NT-FHT with Cr/Au contacts had much stronger influence on the 
device behaviour than a lip placed elsewhere on the device. Bachtold et al (2001) measured 
the behaviour of Au-contacted CNTs on lop of AI/AI2O3 microstrips acting as gates, with good 
agreement of the device characteristics with theoretical models based on the Scholtky-contact 
picture developed in Leonard and Tersoff (2000) and Odintsov (2000). Similarly Derycke 
et al (2002) and Martel et al (1998) found evidence for barriers at the contacts o/their NT- 
FETs. Gathering all this information Heinze et al (2002) prcsenled theoretical predictions 
about the behaviour of NT-Schottky-barrier transistors which are then found to be followed 
well by Tl/Au-contactcd devices by Appenzellcr et al (2002). 

Figure 7 shows an overview of the results of Appenzellcr et aL Figure 7(a) dascribes 
the subthreshold behaviour for a NT-FET. showing the source-drain current / as a function 
of applied gale voltage K for three different source-drain voltages The current depends 
on applied as expected for a Schottky-barrier transistor. The subthreshold swing which 
IS defined as S = (d log G/d V„)-' (mV/decade), is shown in the inset in figure 7(a). For 
conventional MOSFETs it is expected to be proportional to the temperature (Sze 1981): 
S ^ 2.3 kaT/e, where is Boltzmann's constant and e the electron charge. For a Schottky- 
barrier FET in which tunnelling through the Schottky barrier dominates the current, S is 
expected to be largely temperature independent (Appenzellcr e/fl/ 2002. Heinze etai 2002) as 
observed here (at least below 200 K). though a weak temperature dependence can result from 
thermally assi.sted liinncUing (Appenzeller et al 2004). Finally the scaling of S with gate- 
oxide thickness is different for Schottky-barrier FETs and conventional FETs Figure 7(b) 
shows how the values for .V obtained by Appenzellcr et al and (Uher groups follow the 
expected behaviour for Schottky-barrier transistors much better than the behaviour expected 
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Figure 7. Schotlky barriers in NT-FETs from Appcn^xller ct at (2002). (a) Siiblhreuhold swing 
S in the /-Vj. curve for a back-gated device on Si02 under different bias voltages and at different 
temperatures (inset). The temperature independence (below 200 K) of S and the bias-voltage 
dependence of the current in the subthreshold regime indicate the presence of Schottky barriers, 
(b) Scaling of S with effective oxide thickness (oxide thickness corrected for dielectric constant of 
the materials used) for back-gated devices of different lengths, on different dielectrics and prepared 
by different groups. The scaling agrees with a Schotlky barrier model but not with a traditional 
MOSFET model, (c) Band structure schematic for a Schottky barrier NT-FET (a) without and 
(b) with applied bias voltage. (Adapted from Appenzcllcr et al (2002) with permission from the 
authors.) 

for traditional MOSFETs. Al! this evidence taken together suggests that many NT-FETs arc 
Schottky-barrier transistors with a band structure similar to the one shown schematically in 
figure 7(c) (also adapted from Appenzcllcr et al (2002)). 

However, it is not clear that all NT-FETs should have Schottky barriers at the electrodes. 
It was shown (Leonard and Tcrsoff 2000) that the work function difference between the metal 
electrode and nanotube is dominant in determining whether a Schottky barrier is present; in 
the one-dimensional nanotube interface dipoles cannot be completely screened (Leonard and 
Tcrsoff 2002), Thus the choice of a large work-function metal should provide Ohmic contact 
to the valence hand. The work function of nanotubes is about 4.5 eV (Tans et al 1998), so a 
metal with work function greater than --4.5 eV + E./2 should provide Ohmic contact to the 
valence band. 

Palladium is a promising material with a high work function that at the same time wets 
nanotubes (Zhang and Dai 2000). Javey et al (2003) fabricated NT-FLTs with Ohmic contacts 
by depositing Pd-contact pads onto CNTs and annealing the devices in Ar. Figure 8(a) 
shows a diagram of these Pd-contacted NT-FETs, while figure 8(b) shows /-V„ curves of 
such a device and the inset shows the signature of Fabry-Perot oscillations measured at low 
temperatures, analogous to those seen in metallic nanotubes for very low contact resistances 
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Fifi^urc 8. NT-FRT with Ohmic palladium contacts from Javey etai (2003). (a) Device image with 
Ti/Au bonding pads and Pd NT contact, (b) Device G-V^ curves showing device conduciaiice 
up to 0.5Go- The inscl shows Fabry-Peroi type resonances at low leinperaiurc. which indicates 
highly transniissive contacts (Liang <•/ al 2001), (c) By exposure to H2 gas the work function of 
the Pd contacts is lowered, decreasing the device conductance and creating Schoiiky barriers (d). 
(Adapted from Javey et al (2003) with permission from ihc authors.) 



(Liang et al 2001). The nanotiibc conductance shown here reaches close to one half of the 
theoretical linnit, suggesting alnnosi barrier-free contacts. Figure 8(c) shows how the device 
conductance can be significantly lowered by exposing the FET to hydrogen gas. Since H2 gas is 
known to lower the work function of Pd (Mandclis and Christofides 1993) this creates barriers 
at the contacts. Finally figure 8(d) shows a schematic of the band structure of a NT-P^ with 
no, little and large Schouky barrier after various degrees of H2 exposure. Pure Au has also been 
shown to fornn an Ohmic contact with an NT-FET (Yaish et al 2004), and likewise annealed 
(Yaish et al 2004) or as-deposited (Durkop et al 2004) Cr/Au contacts may also form contacts 
without Schotlky barriers. To date the nature of the nanotuhe/melal interface still remains a 
subject of intense inleresi, and it is likely that the complete story is not yet known. 

3. 1.2. Measuring the mobility in a semiconducting* nanotuhe transistor. While recent research 
has shown that NT-FOT behaviour may be understood in terms of Ohmic or Schottky contacts, 
the nature of conduction in the nanotuhe channel is still not understood. Especially in devices 
with strong Schotlky barriers the assumption of ballistic conduction serves well to describe 
device properties, which are dominated by the said Schottky barriers (Ileinze et al 2002). 
The same assumption is reasonable for short (--300 nm) devices with Ohmic contacts, but 
not necessarily for longer ones (Javey et al 2003). Apparently semiconducting nanolubcs 
show a transition from ballistic conductance to diflusive conductance at a length scale of 
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a few microniclrcs. ll is not ycl known what scallering mechanisms govern this regime of 
difCusive conductance. One of the parameters that allows us to draw conclusions about the 
details of the conductance is mobility. 

The dependence of the mobility on temperature, applied voltages and other physical 
quantities provides information about scaltering mechanisms, charge density, impurities and 
many materials parameters. For comprehensive reviews of mobility in semiconductors see for 
example Sze (198 I). Schroder ( 1 998)» Secger (2002). There are several differenl metht)ds of 
measuring mobility. The most common method measures the so-called Hal I- mobility. This 
method, however, cannot be used in I D .systems such as carbon nanotubes. Here one has to use 
methods that are based on the behaviour of devices, especially NT-FETs: following the Drude 
model the mobility is given by /i = o jq. In a ID system the conductivity is given by a — GL, 
where G is the device conductance and its length. The charge density q can be calculated 
from the capacitance per length between the device and the gate controlling the device and 
the applied gate voltage. Allowing for a non-zero threshold this gives q = Cg(K, — Vth). 
This relationship is valid in linear respon.se (small V^d) such that non-equilibrium carriers arc 
not injected from .source or drain, and at gate voltages above the threshold (i.e. K < Vj^ 
for p-lype devices that turn on for negative V^). We also assume that the gate capacitance 
is much smaller than the quantum capacitance of the nanotube (see below), such that the 
quantum capacitance may be neglected. The relationship ignores thermally activated carriers, 
which may be significant for small (K — V,h) and high temperature. Most importantly, this 
relationship assumes and V,h do not vary appreciably along the length of the channel, which 
requires :§> /. the dielectric thickness. Few nanotube devices studied in the literature satisfy 
this last criterion. 

From this approach we get the expression for the mobility that is closest to the intrinsic 
mobility of a nanotube: 

L G 

Here G should be the conductance of the channel only. It is appropriate to approximate G by 
the total device conductance here only if the channel conductance is much smaller than the 
contact conductance, i.e. this formula provides meaningless results in the case of Schottky- 
barrier transistors, in which the contact conductance is small. This formula for the mobility is 
analogous to what is known as the effective mobility in conventional FETs (Schroder 1 998). 
It is only applicable if Vih can be determined unambiguously. If this is not the case one can 
still calculate the so-called field-effect mobility: 

L 8G 

Equations (2) and (3) are equivalent only in the case that G is linearly proportional to V„ — V^. 
However, in many materials, G is sub-linear in K, and equation (3) typically underestimates 
the mobility. 

The third method of mea.suring the mobility is not as reliable as the first two, but since it 
probes different aspects of the device behaviour it is useful to independently verify the results 
obtained with the fir.st two formulae. This approach measures the saturation mobility fi^^t 
using the saturation current at high bias- voltages: 

The main problem with this approach is the presence of the body factor B, which accounts for 
dependence of V^,[, on the position along the device. Even for conventional MOSFETs B is not 
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Figure 9. Ullraloiig NT-FET. (a) FE-SEM image of a 325 m"> long device. The seale bar is 
l(K) fim long, (b) Conductance G a.s a function of gale voltage Vg curves for thii; device at different 
tempera lures. The hysteresis in the curves is discussed in section 5. Only the decreasing- portion 
of the data is used for further analysis in this figure and figure !0. (c) versus for this device. 
Straight tines indicate G — ( - Vih)'^^ and arc used to calculate Vlh* (J) Subthreshold behaviour 
of this device. The temperature dependence of the subthreshold swing 5 is shown in the in.sci (sec 
also DOrkop et at 2004). 



very well understood, much less for carbon nanotubcs. Whenever this formula is applied to 
NT-FETii below, it is assumed that B is unity. Normally the saturation mobility underestimates 
the mobility (Schroder 1998). 

Due to the requirements to have channel length much greater than dielectric thickness, and 
negligible Schottky barriers at the contacts, there are few published results of measurements 
of mobility in nanotubcs. Recently Diirkop et ai (2004) were able to fabricate very long 
(L > 300 Atm) semiconducting nanotube FETs in which the channel resistance dominated 
the transport through the device. Figure 9(a) .shows such a device. The length L = 325 
between contacts, and the diameter d = 3.9 nm. Figure 9(b) shows the conductance of the 
device as a function of gale voltage. As can be seen from figure 9(c) the conductance G of this 
device follows the empirical relationship (Kh - Vg), which allows fitting to determine 

the threshold voltage Vih- 

It is notable that the conductance at Vg = - 10 V exceeds 1 .4 /xS at room temperature. 
Assuming zerv contact resistance, i.e. G — Gwirc tliis conductance corresponds to a ID 
conductivity cr of 4.6 x 10"** S cm (finite contact resisiitnce would imply greater a). If this 
nanotube is single-walled, or mulli-walled with the current largely carried by the outer wall at 
low bias (Collins et al 200 1 ), (hen the electronic mean-free path / is given by cr /2Go == 2.9 ^tm, 
where Go is the conductance quantum, approximately 77.5 mS. Finite contact resistance would 
imply a larger a and, thus, a larger/. This analy.sis already suggests that the measured resistance 
is the nanotube resistance; il" contact resistance (e.g. from Schouky barriers) was dominant this 
would imply a much longer mean-free path. 
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I..g..rc 10. Mobility calculauo>.s for the san,c device as in figure 9. (a) Intrinsic mobility according 
lo equation ( I), (b) F.cld-cffcct mobility according to equation (2). (c) /-K curves in the saturation 
regime at 15 K. I he saturation current /„, has been determined from the imcrsection oftheOhmic 
behaviour for low and the saturation behaviour, (d) Saturation eurr«nt as a fimction of applied 
gate voltage, showing the V- behaviour expected from traditional MOSFETs(seealsoDurkop«a/ 



The subthreshold beliaviour (ligurc 9(d)) provides evidence that the channel resistance 
dominates the device resistance over the entire range of measured gate voltage; i e the contact 
are Ohmic. or the Schottky-barrier resistance is negligible over the range of gate voltages 
probed. This is al.so con.sistcnt with the observation that the relation ~ (V.h - V ) holds 
over a wide range of C. i.e. the same behaviour governs the device from high conductance to 
turn-off. 

The mobility of the device in figure 9 may then be calculated using the above methods 
Figure 10 summarizes the results of these calculations; all mobilities calculated here arc hole 
mobilities. The capacitance between the device and the gate which i.s necessary for any 
determination of mobility was calculated using a commercial computer simulation For a 
device with 3.9 nm diameter the capacitance is 190 fFcm"'. This value is substantially 
lower than the commonly used analytical expression for a conducting cylinder above a plane 
completely embedded in a dielectric (Javey et al 2002). Strictly speaking, the total gate 
capacitance is given by c„..„, = (c"' + Cq')"'. where c. is the electrostatic gate capacitance 
and the quantum capacitance cq = e^D(E), where />(£) is the den.sity of .states and is 
approximately 4 pF cm" ' in nanotubes (Guo el al 2002. Rosenblatt et al 2002). The quantum 
capacitance corrects for the fact that the electrochemical potential in the nanotube shifts with 



added charge. Since Ihc two contrihulions lo ihc gale capacitance add inversely, the srnallcsl 
capaciiancc limits the lolal capacitance. In the devices discussed here, <?C cq and hence 
^g.tm ^ <V- Qui»'**u"^ capaciiancc is, however, iniporlanl in devices with thin high /t gate 
dicIeclrics"(Javey et al 2002» Kim ei at 2004). 

Figure 1 0(a) sliows the intrinsic mobility calculated according to equation ( I ). As expected 
from the power-law behaviour ol* the conductance it .shows a power-law dependence itself, 
reaching values of over 100{X)0 cm- V"' s~' for low gate voltages. The field-effect mobility 
according to equation (2) is shown in ligure 10(b). Like in conventional MOSFHTs (Schroder 
1998). it peaks for low gate voltages. For this device the peak is at 79 000 c m^ V~* s~* at room 
temperature. Finally, figures 10(c) demonstrates the saturation behaviour of the device /- V 
curves, and figure 1 0(d) shows the .square-law behaviour of equation (3) (i.e. /^ai ~ V^) used to 
extract the saturation mobility of 55 000 cm- V"' s~'. Because of the length of this device, the 
electric field is less than 300 V cm~', much lower than the fields at which significant mobility 
decreases are expected (Pennington and Goldsman 2003). For comparison, the Ohmically 
contacted, much shorter devices investigated in Javey et al (2003) show a saturation mobility 
of 40(X) cm^ V~' s~* ; however, it is po.ssible that contact resistance plays a n)le here, and it is 
also not clear that the devices are in the low-field limit. 

The mobility values in semiconducting carbon nanotiibes exceed those of other, materials 
and devices when measured at room temperature. The highest intrinsic mobility at room 
temperature of any semiconductor is the electron mobility in InSb. 77 000 cm^ V~' s~' 
(Hrostowski et al 1955) (measured as Hall-mobility). Typical field-effect mobilities of Si 
devices are around lOOOcm^ V"' s~' (Takagie/a/ 1994). The semiconductor with the highest 
hole mobility is PbTe with 4000 cm^ V"' s"' (Sze 1981). 

J. 2. Scanned prohe experiments 

While transport experiments as described in the previous section can provide much information 
about the properties of a nanotube as a whole, they cannot test for local variations along the 
nanotube. for example to test for the influence of defects on the electronic structure or the 
shape of the potential drop along a nanotube. On insulating substrates, which are prerequisite 
for the fabrication of nanotubc-devices, it is virtually impossible to use techniques like STM 
that rely on electric current for their feedback mechanisms. The methods of choice for imaging 
nanotube devices* therefore, are techniques derived from AFM. 

3.2. J. Scanned gate microscopy. In scanned gate microscopy (SGM) a voltage is applied to 
a conducting AFM tip (see figure 1 1(a)). Thus, the tip— without touching the nanotube — acts 
as a local gate to the devices being imaged (Bachtold etai 2CX)0, Tans and Dckker 2000). The 
signal that is recorded is the current through the device. This technique is very well suited 
for probing the \oc'd\ response of a nanotube device to gate voltage. Metallic nanolubcs are 
found to be insensitive to local gating (Bachtold et al 2000) (as they are to global gating), 
although local defects in metallic nanotubes may be sensitive to the local gate (Bockrath et al 
2001). Freitag ct al (2001) used this technique to investigate NT-FETs. Their results showed 
that nanotubes were much more sensitive to gating near the positive contact than in the centre 
of the nanotube* suggesting the presence of a Schottky barrier at the contacts. Similar results 
were presented by Radosavljevic etal (2002) showing the presence of contact barriers in n-type 
NT-FETs. 

The second type of information that can be gained from SGM measurements shows the 
inlluence of disorder on the electronic .structure of a nanotube. Measurements performed by 
Tans and Dekkcr (2000) and Bachtold et al (2000) show that the response of the nanotube 
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.Z^, .K ^f""'=''.S«"= microscopy (SGM): agate voltage V,^ i, applied to the AFM tip. The 

The back-galc ts used with a constant vul.agc to put the device into a certain region of^ /-V, 
characlenstic (b) Alleniauns-curreni electrostatic force microscopy (AC-EFM): while ihetuhc is 

I'Z S V^f^'Z '^l'^"'^ T " ^'"^ «° P'Ot^ 'he local electric 

AC n^^';^. ,h • " '-"-O"' 'he Up amplitude at proportional to Uu= local 

AC potential of the nanotubc, is recorded as a function of the Up position. 



lo an applied positive gate voltage is not uniform along the nanotube. suggesting potential 
vanations along the device (Tans and Dckker 2000). Freitag e, al (2002) were able to estimate 
the magnitude ot the potential variations as 20-50 mcV for 'strong' defects. Weaker defects 
could also be observed using a large positive voltage applied to the tip (Freitag e, al 2002 
Kalinin et al 2002) (a technique termed scanning impedance micro.scopy or 'SIM') Bockrath 
et al (200i)v,crc able lo identify defects in metallic nanotubes from their reaction to SGM 

Figure 1 2(a) shows an AFM image of a CVD-grown nanotube of diameter 2 0 nm and 
length 5 /xm between electrodes. Figure 12(b) shows a scanned gate microscopy image of this 
nanotube. A senes ot spots are seen along the nanotube. corresponding to areas which arc 
sensitive to the tip gate. The maximum variation in resistance when the tip is over the nanotube 
'lil'''"^'"""'''''^'^ "^o^r^sPO'^dinS 'o '^hange.^i in transmission probability of le.ss than 

10%. These changes are significantly smaller than the many resistance variations seen 
by Bachtold el al m semiconducting nanotubes grown by la.ser ablation, indicating smaller 
disorder in these CVD-grown nanotubes (Fuhrer et al 2001). 

3.2.2. Electmstaiicforce microscopy. Elecirosiatic force microscopy (EFM) images theelcc 
trostalic potential around conducting materials. Figure 1 1(b) shows a .schematic of the setup 




Figure 12. Scanncd-probe expcriinenis on a scmiconducliiig nanotube. (a) AI M iinagc ol a 
semiconducting singlc-wallcri L-arbon nanotube device of length 5 fim between the electrodes, and 
diameter 2,0 nm. The large wliite features at each side are the Cr/Au electrodes, the thin grey line is 
the nanotube. (b) Scanncrt-gaii^ microscopy (SGM — sec figure I I) image of the same device. The 
image (b) was taken with - I V applied to the tip, and J V applied acTOSS the nanoUibe. The dark 
colour indicates decreased resistance; black corresponds to a change in resistance of approximately 
500 (c) The local potential in the nanotube under an applied bias of 400 mV. The dashed line 
is a guide to the eye, and rcpresems a voltage drop corresponding to 9.2 kJ2 /xm ' The distance 
scale in (c) applies to alt figures (see also Fuhrer et at 2001). 



used for AC-EFM. a variation of this technique. While the setup is similar to SGM, the quantity 
treasured in thi.s case is the force acting on the AFM tip due to the electric fields aroitnd the de- 
vices under investigation. By showing the details of the potential drop along a biased nanotube 
this technique provides information about the chantclcr of the nanotube conductance (Bach- 
told etal 2000). Using EFM techniques to image various lascr-ablation-synlhcsizcd nanotube 
devices at room temperature Bachtold ct at found no voltage drop along a micrometre- length 
metallic nanotube except for the contact areas. For semiconducting nanotubes. however, in 
addition to the voltage drops at the contacts, large (tens ofMQ) resistive barriers wereal.so seen. 

Figure 12(c) shows a line trace of the voltage along the CVD-grown .semiconducting 
nanotube shown in figure 12(a) as determined by EFM. The voltage drop along the nanotube 
is roughly linear, with a magnitude of 9.2 k^2 ^m"'. indicating a mean- free path of 700 nm at 
V^g ^ 0 V (gate-voltage dependence of the conductivity was not studied). This observation is 
reasonably consistent with the mean- free path calculated above and in Diirkop et al (2004), and 
those of Javey a al (2003) who observed ballistic conduction in 300 nm Ohtnically contacted 
devices, but diffusive conduction in 3 /Ain devices. 

4. Charge detection with carbon nanotubcs 

The high mobility of carbon nanotubcs suggests high sensitivity in applications where charge 
detection is required, for example in a niemory cell, in which the charge on a floating gate 
is delected by a transistor, or a chemical sensor, in which chcmi.sorplion of a tai iict species 
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produces a charge dctecicd by a iransistor. Charge detection with an individual NT-FET 
has been explored by constmcting a crude noating-gatc memory device where charges are 
stored m traps in the SiO^ gate dielectric. Charge is reversibly injected and removed from the 
dielcctnc by applying a moderate voltage (< 10 V) across the dielectric between nanotube and 
substrate. It is found that in this type of NT-FET memory discrete charge .states corresponding 
to differences ol a single electronic charge arc ob.scrved. and can be written, read and erased 
at temperatures up to 1 00 K. with changes in current of more than 50 nA. A device consisting 
of a single NT-FET contammg a single delect is discussed in .section 4.4; in this device a 
regular .series of discrete charge states allows a quantitative analysis of the capacitances of the 
nanotube and gate to the charge trap. 

4. 1. Devices and fabrication 

The carbon nanotubes discussed in this section were synthesized via chemical vapour 
depo.sii.on following the methods outlined in section 2. 1 ; more details may be found in Fuhrcr 
et at (2002). Source and drain Cr/Au electrical contacts to the nanotube were fabricated 
via electron-beam lithography; the conducting Si substrate acts as a gate electrode Room 
temperature and low temperature electrical mcasuremems were carried out with the .samples 
mounted on a cryoslat in flowing helium gas. 

4.2. Hysteresis and memory 

Figure 13(a) shows an atomic force microscope topograph of the NT-FET described in this 
section; the nanotube has a length L = 4,8 ^m and a diameter d = 2.7 nm as determined 
from the height profile of this image. Figure 13(b) shows the drain current / as a function of 
gate voltage l^, with V.^ = 500 mV applied to the source electrode. As the gate voltage is 
swept back and forth between + 1 0 and - 1 0 V. a large hysteresis is evident in the I-V. curves- 
the threshold gate voltage V,„ at which the nanotube begins to conduct is shifted by more than 
6 V. Figure 13(c) demonstrates that this hysteresis may be used as the basis of a stable memory 
at room temperature. Here the state of the device is read at V«| = 500 mV V. = - 1 V 
and written and erased with pulses of the gate voltage to ±8 V. A cun^cnt of > 1 /xA may be 
switched. After an initial slow decay (-50 s) the current remains constant; the hold time of 
the memory exceeds 5000 s. 

From the linear portion of the C(Vg) curve we determine the field-effect mobility 
(equation (3)). Using the gate capacitance determined directly from low-tcmperatureCoulomb 
blockade measurements. C, = 54 aF. and the slope dC/d Vg = -2.2^5 V"' determined from 
the linear portion of the l-V, curves in figure 13(b), we calculate the field-effect mobility of 
holes to be -9000 cm^ V ' s ' . This mobility is .significantly smaller than that found above 
in section 3.1.2, and hkcly indicates a significant role of the contacts in the resistance of this 
shorter device. Still, this compares very favourably with conventional FETs. 

The shift in the threshold voltage of the NT-FET indicates a reconfiguration of the charge 
environment of the transistor under an applied gate voltage. Such a irconliguration of charge 
can happen in one of two ways: either charges present in the system move in the gate field 
or new charges are injected into the .system from the conducting electrodes or channel These 
two mechanism result in an opposite 'sign* of the hy.sicrcsis loop. i.e. positive gate voltage 
increases the threshold voltage in the ca.se of charge injection, but decreases the threshold 
voltage in the case ot mobile charges. This indicates that charge injection is responsible for 
the hy.steresis in these nanotube devices. Because of the device geometry, it is posited that the 
source of injected charge is the nanotube itself, rather than the gate or source/drain contacts 
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Figure 13. NT-FET as a memory device, (a) AFM image of il,e device, (b) /(VL) behiiviour ai 
roon. e„.per.-Hure and applied bias of 500 mV; a pronounced l.y.,c„:sis is Jiden . (c) By appW „J 
V, polsa. .he de«.ee ca« be .,w.,cl«=d from between .he .wo brandies of .he hys.ere.,is oop rcTulUno 
..^ change .n dev.cc curre,.,. The curren. i., s.able for mi„u,«. after wriUng {.see a.sJIShrer "f/ 



bccau.^ the clectnc field is much higher at the nanotube than at the electrodes or Si/SiO, 
interface. An esfmate of the electric field at the nanotube/SiO^ interface of 0.3 V nm-> at 

J 7. I Y.' l\ '"^'^^'^ *"J«"*°" '"'o 'he SiOz would rea.sonably be expected; the 

electric held ..s comparable to the breakdown electric field for SiOj of ~0 25 V nm"' fNote 
that 'breakdown field' is typically quoted as breakdown voltage divided by dielectric thickness 
and does not include the dielectric constant k. .so a breakdown field of I 0 V nm"' for SiO, 
with Af =» 4 IS equivalent to an internal electric Held of 0 25 V nm-' ) 

Note that the nature of the charges in SiO^ is not elucidated by these experiments. The 
charges may be related to the so-called anomalous positive charge observed in MO.S capacitors 
whereby stressing of the capacitor was ob.servcd to cause formation of positive charge centres 

ro«OM*'°J^. '^""'"."^ ^ ^'^'^ °' ''"'^'''^ '"j'^'^'io" (R^'^hetti e/ al 1982a 

have also observed hysteresis in NT-FETs. Rado.savljevic et al 
(2002) observed similar effects as those reported here, with similar interpretation, i.e. that the 
hysteresis results from electrons injected into SiO^ from the nanotube. Bradley ct al (2001) 
'^^r^^Tulv^'^ hy.steresis by coating NT-FETs with polymer containing mobile ions 
Kin. (2003) found that (he hysteresis could be affected by high-temperature annealing or 
coating the nanotube with a polymer such as poly(methyl methacrylate). and proposed that the 
hy.steresi.s was due to charge trapping by surface-bound water molecules near the nanotube 
Water and wa.er-related ..pecies are known to affect the anomalous positive chan<e.biit different 
groups have reponed conniciing results on the exact role of water in charge tr;ppi„g in .SiO^ 
(F..sche,,, e,al 1982b). A similar non-volatile memory based on charge stongc in a thick .S.O 
gate dielectric was rcponed in organic thin-film transistors; in .his parallcl-piatc geometrj 



R574 




ibpicnl RcvK-w 



100 
time (s) 

HRure 14. Sin^rc-eieclron memory oncr^ition f.^ 

device Shown in figure 12 at a ecmj^X orV^ '^'^^^^ 

the curves nre evident. ^\X\r^sZl LZL^^ ^T^"" "^^^ ^^^^^^^^^^ «f 

mrervals of V,. The branche.s corres^J^rto branches occurring in ccrtnin 

electromc charse. (b) Memory opcrauon of ^cTlevt Th^^^^^ T ^'^'^""^ 

and gate voltage p«J,es to V, 5 v T Tf^ '^^^ at V„ = -7 25 V 

Fuhrcr cr/ at 2002). ' ^> to ^"te (erase) (he nicmoiy (see also 

2502- ''^^LVji^^iiT^:^:,'^-^^^'^ "» f °' « '.< 

charge into the dielectric. suggesting 

injection of 

4,3. Single-electron memory 

At lower temperatures, discrete bch'ivir»..r i« iu u 

of,.. voUage is observed to ^lit e?o??S^^^^^^^ '"l ^ 

curves .s stochastic, but appears within certai riles ofT '^"7^/"^"'='""^ between the 
itlcntK.cd with discrete charge states of the die Itri. rrr I "'""'^'"^ ''^^ '^"^^'^•^ "^^^ 
Figure 14(a) illustrates the /-K. charac eristt o^^^^^^^^^ " "'"^'^ '^'-tronic charge. 

y, is swept bacic and forth over a partTcu^a rlTo , 7"' "S"'"" ^' ^0 K. Here 

one large discrete hysteresis loop; o^^e hysTeLI I^ '"^^ Z' '^ ^"^ --Phasi.e 
widths by scanning different ra^ge o ZT.ZITtu'TIT 

most often only one or two large hysteresS loons In I'"\^"''^^'<'"'- 'ypical of NT-FETs. 
near the thrtJshold gate voltage? ^ ot^served. with switching 

occurring 

A single electronic charge added to the poi^ ^i^ » . 
nanotube transistor by an amount A v" ~ efc vT." ''''' ""^ '"e 

observed threshold shift in figure 14(a) ^^oomxLZ . T« .I^'" " '""'''"'^^ 
trapped charge near the nanolube is exai« for sev ' '''' ^ ^'"g'^ 

nanotubc affected by the trapped charge is r^u^slaL Zt °' 
•Lreshold shift should be greater Second The efS., r ''"'"'^ nanotube. and thus the 

device being operated. h,hbias(nearpinchofO^::frSt^^^^^^^ 
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ru,.ge ,hc sourcu-clrain bias (5()0 m V) is roniplb ' u'l'dm' '^'"k". 1' 

( - 1 .5 ,c> -3.0 V) and ihc .hrcsholU Lu.^X-U Snic vol.uge 

figure •4(b)dcn,o„s>r.tcs„Kmo.^oU.io n ;^^^^^^^^^ 
.ueasured al a gale vol.age of -2.25 V anS a sourcMnb -^^o Z^^^ 
>s switched between high and low states bv annli.-.^ r ? " 

(relative to the -2 2-5 V baselincT rl c.i.^ ''''P'"'""*'" 8^'<= ^'>"''8<= P"'se of ±0.75 V 
appro.nnate.y 60 nA. The^X Lb"rr.:r^^^^^^^^^^ "^^'^ '''' '"^ 

^.--/. Dalc-cting single elect mn.'s with a ^lingle nanotuhc tlefec.t 

Chaige sensitivity has been explored more closely in a sccon.l NT ppt ^ 

20()2a). In this device, a sinclc defect wn^ ri,.ro..«^r NT-FET memory (Kim et al 

was n,uch more sensi i ve o gat vo and ^ "^'"8 -anned-gate microscopy: .his defect 

seriesofcharges.atesin.raps1n:hed:rec.r,obe"S^^^^^^ 

has a diameter 3 „m as determined from the heigrnroirof^hic^ The nanott.be 

section 3.2.1) was used to investigate the \^^\ .J? r L ^^'^ ^^^^ 

Figure 15(b) shows a SGMTma^fof tLe dSe v TT^X 
nanotube appears darker (lar«errct!isrance ch^nl.WK t '° ""^ '^^ '^ ''P" "^he 

that the ent?^c r.a„otub^ i Im cond S^^^^ surrounding substrate, indicating 

region of the nanotubc is evide^Sd aLf T 3 zTm T ""TT'. """" P»"'""-'y dark 
of the SGM image along the nan;tur(figu^75 T""l '"'^ ''''' 

FWHM of -30 nm and a height approLltely five t mef^^^^^ 'h' "'''[^ 

nr^LLis^t:^ 

Figure 15(e) presents the drain current (/) versus e-n,- v«i.»„» fws , 
device measured at 5 K. As in section 4 3 d scretr/f i\ cnr? ^ *^ '='"''"'=««nstics of the 
switching between the curves occurring aTsneS r. '^^^^^ ^^"^ "^-^e"- ^"h hysterelic 

eorrespond to the charge sta.eTu^rdlLTnc d^r^^^^^^^ T"'^" ''''^ ''''"'■^"^ 

the gate voltage depenlnce of tL con to^^^^ ""f 'charge. .Since 

as observed in figures 15(a) and wT s ^T^^^^^ h,T' -s dom.nated by a single defect 
defect, and changes in the itentLl o hisTfTct du^" ^^^^^ '''' 
in the various curves seen in figure 15(e) lec J^ ZI^^ ^ u '''''"^^ ''^P 
singlechargetrapandasingledefeSigron.!rZtLo.f 7^ " 
curves is seen corre.spondi^g to ^l^ff^rcZsTZ^^^^^^^ ' ^ 

i igure 15(c) shows a probable schematic of this devt 
SiO. surface or in the Sio/bulk) is coupled cap^i.J^el^^^^^^ ' T '""P ^"""^^ 

through a capacitance Or.- ind to rh,. ,k u ^ nanotube channel 
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Vnp = 4 V 




— /I— 30 nm 



and length 1.85 bcwcc. .l.Ss iTs^J^^^^^^^^^ 
image of .he d...cc. (c) Sche„.n,ic of me cS^^^^^ 

as a fuMction of posilion alone (he nanoiube- i o , r ""^ resistance change 

change a, the poin'::?„arked J,l 1- aX n^i " b) a d 'sT'' T'" 

.>n„o.ube. The point n,arked with the arrow iV den iHcd .1 n^T,„ '" "^"'>-' 

(e) Drain eurron, / as a funetion of gate v^*4 v for .he n,^ a.oi,.,c-.cale dcfce, in the nanotube. 
F.ve discrete /(K.) curves are seen. ^H^'l^r^ Z^Z^V^rp " 
evident in .he ngurc. SeveraJ sweeps back a.Kj forth over V ^ o "^ys'""" 'oops arc 

are shown with the rcspec.ive ranges hiKhliM.^d in ' ' ^ '"5 V 

ranges were chosen to T^.c, out tl fotfr ^ ''rl s W ' A t V "k'- "-r>ocu.c>r. these 
.he /( V„) curves: A V„ ^ 2<K) m V. A .'^ itulSL^,!^ i.^ V: 1 ^'^ 
cun,es: A V, , V. (0 / versus V, a, a temper^t . e „X K niotr" ""T '^^'^^ 
switching bclwecn curves was observed as i^ZZ . -"° '^P'"'"^" ■=""<-r'-'l points. Random 
ooscrvcd as V(, wi, swept back and forth between ,„,d X Y 
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The /(I/.) ch:.ractcn.sti<;.s ofa ira.Ksisior coupled to a charge .rap i.. ihis way will show discrete 
curves, separated in gate voltage by ai» amount ■ snow discrete 



(Ore + Cgc)C(:c (5) 
where e is the electronic charge and Cac: is the total gate capacitance given by 



Ctc + Ccrr (6) 
Periodic swiiclung events will occur between curves with a spacing 
AV/„ =T -1- 

Car (7) 
and the hysteresis width A V, (the distance in gate voltage between the switching events between 
two charge states o. the trap when increasing gate voltage and decreasing gate voltge) i 

ZiyZe^altZT' ^''r r"^"- °^ ^''^ ^.c between cha.H,e. and Sa g 

rap (Yanoer «/ 1999). Ft we make the simplifying assumption that Rrc = 0 for volta-es less 
than some cni.cal voltage V^, and finite for larger voltages, then A wjs given j;'"'"""' 

Car (8) 

'^i^.^'T' IT. 'J'"'^^''"''^ ^^'^ - 200 mV. the write voltage periodicity 

AK. ~ I 0 V. and the hysteresis width At/, is roughly 1.8 V (see figure 15(e)). The.e three 
voltages alone at-e mstiH.c.ent to determine the four unknowns in ^uations (5)-(8) (c" 
Ctc. Cot and V,) One ot the capacitances. Crc is estimated from an estimate o7 he size of 
the defect regu^ .n the channel. From the SGM line trace (figure 15(b)). the defee re^n is 

Zr^^, Per 7 /^'"'""'^^ .''•^ mterpreted as the screening length in the nanoiube at the 
defect Esttma^ng the gate capacitance per length of the nanotube transistor as approxTmatlw 
100 fF cm obtained from Coulomb-blockade measurements of similar devices this g^vls a 
capac. .ve coupling Cpc - 0.30 aF between the defect region and gate. Solving for hfoThe^ 

Z'cT^r:C^ V^a " "^^ -Pacirance'of the chl^;: 

rap Crr - Cxc + Cct = 0.30 aF. From this value a rough estimate of the size of the charge 
trap can be made. Hie self-capacitance of a sphere of radius . is given by C„., = 4^^^ 
where .„ .s the permitti vity of free space and e the dielectric constant of the med um in wS 
the sphere is cmheddcd, —4 for SiO, Setting r^-r - r ^ i x wnicn 

vacancy site or complex of dangling bonShe^o"; d^SXc ^' 

^-.n "^''t'^iu ''^''''''''''"''^^' '''^''''''''S*' ''^Pg'^"''' Coulomb charging e = e^/c„ ^ 

530 me V. The Coulomb blockade should be effective up to a temperature ^ r of the orde of 
OA E., or approximately 620 K. Figure 15(0 shows the /(K) characteristics for the device a 
a emperaturc of 200 K in the form of a scatter plot. The / (V.) data are observed to fall on a 
•se of discrete ciirves. but random telegraph switching between the curves was observed at all 
gate voltages. The data in figure 15(0 are taken at a bandwidth of 10 Hr, from the fact tha 
he curves corresp.)nd.ng to single electron differences at the charge trap are well resolved 
(signal to no.se ratio > .3) we estimate that the nanotube defect electrometer has a seS ivity 

ST Sm' ? f ' r k ^^^'^-'-•'^ '(''^> — indicateTth t the 

Coulomb blockade of the charge trap is indeed still effective at 200 K, but the random telegraph 
witching indicates that the nonlinear resistance Rye between channel and trap has beJome 
leaky a elevated tempera.ure.s. allowing the charge on the trap to lluctua.e. Using equation 7) 
to find he critical voltage lor /?,,:. we find K = 430 mV. which is still much greater t I an the 
thermal energy a, 200 K. However, we n.uice thn, the hysteresis widths becom^na rter as 
the temperature .ncrea.ses, probably due to a (initc activated component of /?rc at low voltagj^^ 
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5. Conclusions 

Recent advances hnvc allowed ihc fabricaiion of lonji. Ohmically contacted semiccncUic.in.' 
carbon nanc.uhc transistors. These devices have been used to measure the intrinsic «„^e7 
mobility m the nanolube channel; the mobility exceeds 100000 cm^V's-i at room 
temperature and low doping, higher than any otherknown semiconductor at room temperature 
.Scanncd-prohc ex permtents on semiconducting nanotubes help U, elucidate the disorder prescni 
lo!^^Z . Ir"'^' '-rriers are often observed in so^uiion- 

dcpos ted sem.conduc .ng nanotubes; however in CVD nanotubcs grown on-chip, the degree 
of d.sorder.s apparently lower. Electrostatic force microscopy has been used to directly verify 
long mean Iree paths in CVD-grown semiconducting nanotubes. consistent with tran^t 
cxpennients. The results indicate that semico.,ducting nanotubes should be an excer. 

mobimyi^'c'Zri '"'"'^ 

Semiconducting nanolube field-effect ira.isis.ors have been used to inject and detect 
electrons trapped .„ the SiO, gate dielectric. Single-electron sensitivity is .sein. a," una 'ua 
(lT:H.-"/''%r' detection up to 200 K. with a se.Jtivity of betteJ Z 

O. I e H7. . The results suggest that semiconductLig nanotubes may find applications as 

rnsIT. .";"T '1"'"''^" in which a chemical signalt 

translated mio charge. Single molecule detection appears feasible with such a device. 
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